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Abstract 

Subsonic  and  transonic  aerodynamic  data  for  a 
wraparound  fin  configuration  are  presented.  Free-flight 
acroballistic  tests  to  obtain  these  data  were  conducted  at 
atmospheric  pressure  and  over  a  Mach  number  range  of  0.6 
to  1.35.  The  aerodynamic  coefficients  and  derivatives 
presented  in  this  paper  were  extracted  from  the  position- 
attitude-time  histories  of  the  experimentally  measured 
trajectories  using  nonlinear  numerical  integration  data  reduc¬ 
tion  routines.  Results  of  this  analysis  indicate  that  a  dynamic 
instability  exists  above  Mach  1.0  and  is  related  to  an  out-of¬ 
plane  side  moment  which  is  dependent  on  the  pitch  angle. 
The  stability  boundaries  associated  with  this  side  moment  are 
mapped  Designers  should  consider  this  moment  whenever 
wraparound  fins  are  used. 
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quadratic  pitch  damping  coefficient 

slope  of  pitching  moment  \s  a 

cubic  and  fifth  order  pitching  moment 

coefficients 

slope  of  pitching  moment  derivative  vs  Mach 
number 

normal  force  coefficient,  FN/qA 

slope  of  the  normal  force  vs  a 

cubic  and  fifth  order  normal  force  coefficient 

side  moment  coefficient,  n/qAd 

slope  of  side  moment  vs  a 

Magnus  moment  derivative 

axial  force  coefficient,  axial  force/qA 

axial  force  coefficient  at  zero  angle  of  attack 

slope  of  axial  force  coefficient  vs  Mach  number 

body  diameter  and  reference  length 

acceleration  due  to  gravity 

moments  of  inertia  about  the  x  and  y  axis 

magnitude  of  linear  theory  vectors 

magnitude  of  trim  vector 

model  length 

roll,  pitch,  and  yaw  moments 
model  mass 
Mach  number 

rolling,  pitching,  and  yawing  velocities 
dynamic  pressure 

Reynolds  number  based  on  model  length 
velocities  in  the  X,  Y,  Z  direction 
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X,  Y.  2 

fixed  plane  coordinates 

V 

total  velocity 
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total  angle  of  attack 

"M 

maximum  total  angle  of  attack 
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aerodynamic  roll  angle 

6,  y ,  o 

rotation  angles 

U>|0,  wv0 

linear  theory  vector  frequencies 

“'lO'  w  20 

change  in  linear  theory  vector  frequencies  with 
distance 

x10-  x20 

linear  theory  vector  damping  rates 

V- 

Superscripts 

effective  angle  of  attack  squared 

(•) 

first  derivative  with  respect  to  time 

(-) 

total  values 

Introduction 

The  test  results  discussed  in  this  paper  were  obtained  in 
the  Aeroballistic  Research  Facility  (ARF)  of  the  Air  Force 
Armament  Laboratory.  The  primary  purpose  of  the  tests  was 
to  obtain  the  aerodynamic  coefficients  and  derivatives  of  the 
subscale  model  such  that  trajectory  histories  of  the  full  scale 
item  could  be  predicted.  The  models  were  of  the 
Wraparound  Fin  (WAF)  design.  Because  of  packaging  ad¬ 
vantages.  designers  of  tube-launched  and  dispenser-launched 
submunitions  have  used  WAF  designs  for  years1*}.  These 
designs  permit  the  fins  to  be  neatly  folded  around  the  body 
prior  to  launch.  This  saves  valuable  space  and  allows  either 
the  maximum  number  or  sire  of  submunitions  to  be 
packaged  in  the  dispenser  or  tube.  Upon  launch  the  fins  are 
deployed  to  provide  the  required  aerodynamic  stability  dur¬ 
ing  flight.  However,  many  of  these  past  designs  have  ex¬ 
perienced  unusual  and  adverse  flight  dynamics4.  Many  of 
these  problems  were  thought  to  be  related  to  the  erratic  roll¬ 
ing  motion  of  the  munition  caused  by  the  WAF  design^*6. 
During  the  test  program  it  was  observed  that  some  of  the 
models  displayed  unusual  damping  characteristics  (generally 
unfavorable).  The  analysis  of  the  experimentally  measured 
motion  profiles  indicated  that  these  unfavorable  damping 
characteristics  were  caused  by  the  existence  of  an  out-of- 
plane  (side)  moment  due  to  pitch  angle. 

The  purpose  of  this  paper  is  to  describe  these  free-llight 
aerodynamic  tests,  present  the  data  obtained,  and  discuss  the 
ramifications  of  the  out-of-plane  moment.  The  stability 
boundaries  of  this  side  moment  are  developed  and  indicate 
that  this  configuration  is  dynamically  stable  subsonically  and 
unstable  supersonically.  It  is  suspected  that  this  side  moment 
is  symptomatic  of  WAF  configurations  and  should  be  of 
particular  concern  to  the  designer. 


Facilities,  Models,  and  Test  Conditions 
Free  Flight  Range 

The  free  flight  tests  were  conducted  in  the  ARF^  which  is 
part  of  the  Air  Force  Armament  Laboratory,  Eglin  Air 
Force  Base,  Florida.  This  facility  is  an  enclosed,  at¬ 
mospheric,  instrumented,  concrete  structure  used  to  examine 


the  exterior  ballistics  of  various  free  flight  configurations. 
The  facility  contains  a  gun  room,  control  room,  model 
measurement  room,  blast  chamber,  and  the  instrumented 

range. 

The  207-meter  instrumented  length  of  the  range  has  a 
3.66-meter-square  cross  section  for  the  first  69  meters  and  a 
4.88-meter-square  cross  section  for  the  remaining  length.  The 
range  has  131  locations  available  as  instrumentation  sites. 
Each  location  has  a  physical  separation  of  1.S2  meters,  and 
presently  50  of  the  sites  are  used  to  house  fully  instrumented 
orthogonal  shadowgraph  stations.  The  maximum 
shadowgraph  window,  an  imaginary  circle  in  which  a  projec¬ 
tile  in  flight  will  cast  a  shadow  on  both  reflective  screens,  is 
2.13  meters  in  diameter.  A  laser-lighted  photographic  station 
is  located  in  the  uprange  end  of  the  instrumented  range.  This 
photographic  station  yields  four  orthogonal  photographs, 
permitting  a  complete  360-degree  view  of  the  projectile  as  it 
passes  the  station  on  its  downrange  trajectory.  Also,  a  direct 
shadowgraph  station,  consisting  of  a  spark  gap  and  film 
holder,  is  located  in  the  uprange  end  of  the  range.  Since  the 
film  is  illuminated  directly  by  the  spark  as  the  model  passes 
the  station,  high  quality  flow  field  photographs  are  ob’ained. 
The  nominal  operating  temperature  of  the  range  is  22 
degrees  Celsius. 

Models  and  Test  Conditions 

The  overall  model  geometry  and  WAF  details  are  shown 
in  the  sketches  of  Figure  I.  Fourteen  of  these  models  were 
flown  in  the  facility  during  the  test  program,  eleven  models 
were  successfully  analyzed,  and  aerodynamic  coefficients  and 
derivatives  extracted.  The  tests  were  conducted  at  at¬ 
mospheric  pressure  and  over  a  Mach  number  range  of  0.58 
to  1.35.  The  measured  physical  properties  of  each  of  the 
models  and  the  associated  test  conditions  for  each  of  the 
eleven  flights  successfully  analyzed  arc  presented  in  Table  1. 
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Table  I.  PHYSICAL  MEASUREMENTS  AND  TEST  CONDITIONS 


Mach 

Number 


d 

L 

m 

Model 

Model 

Model 

(deg) 

Diameter 

Length 

Mass 

(cm) 

(cm) 

<gm) 

<gm  cm-) 


!v  \.t  I 

*  -s 

(em  cm-) 


Xcg/ j  Measured  from  the  nose 


The  models  were  launched  from  a  152-mm,  inside 
diameter,  smooth  bore  compressed  gas  launcher  using  a  con¬ 
ventional  four-piece  sabot.  No  attempt  was  made  to  augment 
the  initial  angular  disturbances  of  the  models  as  the 
model  sabot  package  exited  the  launcher.  The  angular 
disturbances  that  were  obtained  were  caused  by  the  normal 
sabot  separation  process.  A  photograph  of  the  model/sabot 
package  is  shown  in  Figure  2,  and  a  typical  flow  field 
photograph  of  a  model  in  supersonic  flight  is  shown  in 
Figure  3. 


Figure  2.  Model/Sabot  Package 


Figure  3.  Flow  Field  Photograph  (Shot  88,  Af  *  1.353) 


Free  FlighlData  Reduction 

Extraction  of  the  coefficients  and  derivatives  is  the 
primary  goai  in  analyzing  the  trajectories  measured  in  the 
ARF.  This  is  accomplished  by  using  the  Aeroballistic 
Research  Facility  Data  Analysis  System  (ARFDAS)*  shown 
in  Figure  4.  ARFDAS  incorporates  a  standard  linear  theory 
analysis^-  10  and  a  stx-degree-of-freedom  (6DOF)  numerical 
integration  technique.  The  6DOF  routine  incorporates  the 
Maximum  Likelihood  Method  (MLM)  to  match  the 
theoretical  trajectory  to  the  experimentally  measured  trajec¬ 
tory.  The  MLM  is  an  iterative  procedure  which  adiusts  the 
aerodynamic  coefficients  to  maximize  a  likelihood  lunction. 
The  application  of  this  likelihood  function  eliminates  the  in¬ 
herent  assumption  in  least  squares  theory  that  the  magnitude 
of  the  measurement  noise  must  be  consistent  between 
dynamic  parameters  (irrespective  of  units).  In  general,  the 
aerodynamics  can  be  nonlinear  functions  of  the  angle  of  at¬ 
tack,  Mach  number,  and  aerodynamic  roll  angle. 
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Figure  4,  Data  Analysis  System  —  Aeroballistic  Research  Facility 


ARFDAS,  Figure  4,  represents  a  complete  ballistic  range 
data  reduction  system  capable  of  analyzing  both  symmetric 
and  unsytr, metric  bodies.1 1  The  essential  steps  of  the  data 
reduction  system  are  to  (I)  assemble  the  basic  dynamic  range 
data  (time,  position,  angles),  physical  properties  of  the 
models,  and  atmospheric  conditions  existing  in  the  facility  at 
the  time  of  testing,  (2)  perform  a  linear  theory  analysis,  and 
(3)  perform  a  6DOF  analysis.  These  steps  have  been  in¬ 
tegrated  into  ARFDAS  to  provide  the  test  engineer  with  a 
convenient  and  efficient  means  of  interaction.  At  each  step 
in  the  analysis,  permanent  records  for  each  shot  are  main¬ 
tained  such  that  subsequent  analyses  exercising  various  op¬ 
tions  are  much  faster. 

The  flight  of  each  model  fired  in  the  ARF  was  initially 
analyzed  separately,  then  the  flights  at  similar  Mach 
numbers  were  simultaneously  analyzed  using  the  6DOF 
multiple  fit  technique.  This  provides  a  common  set  of 
aerodynamics  that  matched  each  of  the  separately  measured 
position-attitude-time  profiles.  The  multiple  fit  approach 
provides  a  more  complete  range  of  angle  of  attack  and  roll 
orientation  combinations  than  would  be  available  from  any 
one  flight  considered  separately.  This  increases  the  prob¬ 
ability  that  the  determined  coefficients  define  the  model's 
aerodynamics  over  the  entire  range  of  trajectories. 

Equations  of  Motion 

The  aerodynamic  data  presented  in  this  paper  were  ob¬ 
tained  using  the  fixed  plane  6DOF  analysis  (MLMFXPL). 

The  equations  of  motion  are  derived  with  respect  to  a  fixed 
plane  coordinate  system.  The  x-axis  points  downrange,  the  y- 
axis  points  to  the  left  looking  downrange,  and  the  z-axis 
points  up.  The  6DOF  differential  equations  of  motion  in  this 
system  are: 


0  *  <J  (10) 

i  =  r/cos  6  (11) 

$  =  p  ♦  r  tan  F  (12) 

Coriolis  accelerations  (acu,  a^,  acw)  are  also  included  in 
equations  (1-3).  The  preceding  equations  (1-12)  are 
numerically  integrated  using  a  fourth-order  Rungc-Kutta 
scheme. 

Aerod  ynamic Model 

Initially,  considerable  difficulty  was  encountered  in  at¬ 
tempting  to  fit  the  experimentally  measured  trajectories 
associated  with  this  WAF  configuration.  Various  combina¬ 
tions  of  nonlinearities  and  roll  dependencies  were  assumed: 
however,  these  fits  failed  to  adequately  match  the  experimen¬ 
tally  measured  motion  patterns.  It  was  suspected  that  the 
wraparound  fins  were  causing  a  side  momen:  due  to  pitch 
(Cna).  This  out-of-plane  moment  was  therefore  added  to  the 
definition  of  the  associated  moment  equations  and  the  fits 
reaccomptished.  These  fits  successfully  matched  the  solutions 
of  the  theoretical  equations  of  motion  to  the  experimentally 
measured  motion  patterns,  indicating  that  this  side  moment 
due  to  pitch  angle  was  present  for  this  WAF  configuration. 
The  basic  definitions  of  the  aerodynamic  forces  and 
moments  (including  the  Cna  term),  as  used  in  obtaining  the 
results  reported  herein,  are  shown  below: 

Fx  =  -qACx  (13) 

Fy  »  5A[-CNoi  +  gcYpQ£  ♦  CVltt2  (.4) 

♦  CN5  6A  sin  •  *  CN6  6B  cos 


u  =  g  sin  6  -  qw  *  rv  -  acu  ♦  Fx/ffi  (1) 

v  =  -ru  -  rw  tan  6  -  acv  -  Fy/ffi  (2) 

»  =  -g  cos  9  *  rv  tan  F  *  qu  -  acw  +  Fz/^  (3) 

and 

P  =  «/Ix  (4) 

q  =  -r^  tan  9  -  Ix/Iy  rp  +  m/Iy  (5) 

f  =  qr  tan  9  ♦  lx/Iy  qp  +  n/Iy  (6) 


Once  the  definition  of  the  forces  and  moments  are  made, 
the  solution  of  equations  (1-6)  will  define  the  6DOF  flight 
motion  of  a  symmetric  missile  in  fixed  plane  coordinates. 
Since  the  position-attitude  measurements,  as  required  from  a 
ballistic  spark  range,  are  obtained  with  respect  to  an  earth- 
fixed  axis  system,  additional  transformation  equations  are  re¬ 
quired.  These  transformation  equations  are  shown  below  in 
terms  of  the  fixed  plane  Euler  angles  (9,  0)  and  the  angle  of 
rotation  about  the  missile  axis  (6). 

x  =>  u  cos  0  cos  i  -  v  sin  t  *  w  sin  9  cos  (7) 

y  ■  u  cos  9  sin  ^  ♦  v  cos  i  ♦  w  sin  9  sin  ^  (8) 

z  *  -u  sin  •  ♦  w  cos  9  (9) 


Fz^Al-CN^-PjcYpal-CY>Q^.  (15) 

"  ^N6  4 A  cos  °  ~  ^N6  4B  sin 
«  -  QAd|!*Ccp  ♦  Ce]  (16) 

m  -  qAd  |  Cma  -  ♦  Cmq  +  El  Cnpa-~  (17) 

.  ♦  cm6iA  cos  * 

n  «  qAd  1-Cma-*  g,Cmq  ♦  El  cnpa_  (18) 

*  Cnya  *7  *  Cna  ■£  *  CmS  «A  sin  * 

♦  ^m«  4B  cos  *1 
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Figure  10.  Side  Moment  Derivative 


Some  of  the  models  also  displayed  unusual  rod 
characteristics;  for  example,  the  models  tended  to  ro1' 
clockwise  subsonically  and  counterclockwise  supersonically . 
In  the  transonic  region,  roll  reversals  occurred  on  m  i;;.- 
flights.  The  roll  profiles  obtained  from  the  variou-.  li.c::;* 
are  shown  in  figure  I-  alone  with  the  theoretical  f  it  - 
Generally,  the  theoretical  roll  profiles  matched  the  measured 
roll  profiles  reasonably  well:  nevertheless,  the  analssi- 
routine  had  difficulty  in  determining  the  roll  dam;  uve 
derivative.  <C|_),  as  is  evident  from  the  values  listed  in 
Table  2. 


A  cursory  review  of  the  data  shown  in  Figures  5  through 
10  and  Table  2  would  not  indicate  any  potential  dynamic 
problems  associated  with  this  configuration.  However,  the 
models  flown  a:  supersonic  velocities  developed  an  increasing 
angle  of  attack  history  during  their  downrange  trajectories, 
indicating  a  dynamic  instability  at  the  supersonic  conditions. 
Typical  angular  motion  plots  for  a  subsonic,  transonic,  and 
supersonic  flight  are  shown  in  Figure  1 1  to  illustrate  this 
dynamic  instability.  Also  notice  the  tendency  of  the  motion 
patterns  to  become  circular  independent  of  whether  the  mo¬ 
tion  grows  or  damps. 


Although  all  the  aerodvnamic  coefficients  and  derivatives 
presented  in  Figures  5  through  10  and  tabulated  in  Table  2 
were  obtained  using  the  6DOF  analysis  techniques,  linear 
theory  fit  parameters  such  as  vector  magnitudes,  vector  tre- 
quencies.  and  damping  rates  are  also  shown  in  Table  ?. 
When  viewing  these  results,  it  should  be  remembered  that 
the  nutation  vector  can  be  either  K]  or  Kj  depending  on  the 
direction  of  spin  (p).  By  definition,  the  nutational  vector 
rotates  in  the  same  direction  as  spin.  For  example,  if  the 
spin  rate  is  negative,  the  nutation  vector  would  be  the  one 
that  has  a  negative  frequency  (unoT 
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Table  3.  LINEAR  THEORY  FIT  PARAMETERS 
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The  aerodynamic  coefficients  and  derivatives,  shown  in 
equations  (13-18),  were  expanded  as  functions  of  Mach 
number,  sine  of  the  total  angle  of  attack,  and  the 
aerodynamic  roll  angle.  These  expansions  are  shown  in  detail 
in  reference  8.  However,  the  side  moment_cxpansion  was 
assumed  to  be  linear,  or  Cn  =  Cn  (thus  Cna  =  Cnft). 
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Figure  6.  .Normal  Force  Derivative 


The  aerodynamic  coefficients  and  derivatives  extracted 
from  the  experimentally  measured  trajectories  are  plotted  in 
Figures  5  through  10  and  tabulated  in  Table  2.  These  figures 
show  the  zero  angle-of-attack  coefficients  and  derivatives  ob¬ 
tained  using  the  fixed  plane  6DOF  analysis.  The  nonlinear 
terms  obtained  from  the  present  analysis  are  shown  in  Table 
2  and  were  derived  using  the  multiple  fit  technique  only.  The 
multiple  fit  results  would  be  expected  to  be  superior  to  the 
analyses  of  the  individual  flights  for  the  reasons  previously 
discussed.  However,  some  of  the  values  obtained  from  the 
individual  flights  are  plotted  in  Figures  5  through  10  because 
they  assist  in  showing  the  various  trends  in  the  data. 

Briefly  the  data  shown  in  these  figures  indicate  that: 

1.  The  subsonic  drag  coefficient  is  aoout  0.7$  and 
increases  to  about  1 .4  supersonically  (refer  to 
Figure  5). 

2.  The  normal  force  derivative  is  about  14  (refer  to 
Figure  6). 

3.  The  models  are  statically  stable  with  a  large 
static  margin  of  about  30  to  4$  percent  of  the 
body  length  (refer  to  Figures  7  and  9). 

*4.  The  damping-in-pitch  derivatives  vary  between 
-300  and  -200  (refer  to  Figure  8). 

5.  The  side  moment  derivative  (due  to  pitch)  that 
was  added  to  the  reduction  routine  was  deter¬ 
mined  to  be  about  -3.0  (refer  to  Figure  10). 
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Figure  ?.  Pitching  Moment  Derivative 
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Figure  S.  Damping- 1 n-Pitch  Derivatives 
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-  Figure  12.  Measured  and  Fitted  Roll  Profiles 
Discussion 

Initially  it  was  suspected  that  the  motion  growth  problem 
at  supersonic  Mach  numbers,  as  shown  in  Figure  11.  was 
caused  by  a  classic  pitch-roll  resonance.  This  is  particularly 
true  since  the  damping-in-pitch  derivatives  were  negative, 
(see  Figure  8)  and  the  models  displayed  unusual  roll 
characteristics,  as  described  in  the  previous  section.  Also  the 
linear  theory  results,  shown  in  Table  3,  indicate  that  the 
supersonic  flights,  shots  87  and  88,  were  near  resonance 
(  »  I). 

"n 

The  motion  growth  caused  by  the  resonant  condition  is  due 
to  an  increase  in  the  magnitude  of  the  .trim  vector  (Ky).10- 
12  This  increase  in  the  magnitude  of  'he  trim  vector  is 


graphically  portrayed  in  the  sketch  of  Figure  13  and  shows 
that 
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Figure  IS.  Typical  Aerodynamic  Trim  as  a  Function  of  Spin  Rate 


Once  the  aerodynamic  coefficients  and  derivatives  have 
been  determined  for  a  particular  configuration,  the 
Amplification  Factor  (AF)  can  be  approximated  using  the 
following  relation'-: 


AF 


md 
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md- 
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Thus,  substituting  in  the  measured  physical  properties  of  the 
models  (Table  1 )  (he  determined  aerodynamics  (Figures  5 
through  10).  the  Amplification  Factor  (AF)  associated  with 
the  supersonic  flights  (M  =  1.23,  shots  87  and  88)  was  com¬ 
puted  to  be  about  12.  Since  these  two  flights  were  near 
resonance,  it  would  therefore  be  expected  that  the  trim  vec¬ 
tors  associated  with  these  flights  had  increased  to  be  no 
more  than  12  times  larger  than  the  zero  spin  trim  case. 
However,  the  6DOF  analysis  indicated  that  the  zero  spin 
trim  vectors  were  small,  less  than  0.25  degree.  In  fact,  the 
trim  vectors  were  so  small  that  linear  theory  could  not  deter¬ 
mine  the  magnitude  of  K-p  and  they  were  assumed  to  be 
zero  (see  Table  3).  Therefore,  the  motion  growth  related  to 
the  resonance  condition  would  be  expected  to  be  less  than  3 
degrees.  This  obviously  does  not  account  for  the  motion 
growth,  shown  in  Figure  11,  for  the  supersonic  flight  of  shot 
87,  and  the  cause  of  (his  dynamic  instability  must  be  found 
elsewhere. 

The  only  other  unconventional  of  the  6DOF  analysis 
was  the  addition  of  the  side  moment  derivative  due  to  pitch. 
As  was  previously  discussed,  this  derivative,  (Cna),  was  in¬ 
cluded  in  the  moment  equations  in  order  to  adequately  fit 
the  measured  motion  patterns,  t  he  question  then  becomes: 
can  this  side  moment  be  causing  the  dynamic  instability  pro¬ 
blems  at  the  supersonic  conditions?  The  tendency  of  the  mo¬ 
tion  to  develop  into  a  circular  pattern  (as  mentioned  in  the 
previous  section)  provides  a  clue  into  the  possible  effects  of 
this  side  moment.  Both  Murphy'"  and  Nicolaides'^  have 
studied  the  consequences  of  a  side  moment  due  to  pitch  on 
the  dynamic  stability  of  a  finned  missile.  The  equations  for 
the  computation  of  the  nutational  and  precessional  damping 
rates,  as  expressed  by  Nicolaides'2,  including  Cna-  arc 
shown  as  follows: 
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Equations  (21)  and  (22)  assume  that  the  Magnus  moment 
is  negligible  and.  substituting  in  the  measured  physical  pro¬ 
perties  and  the  determined  aerodynamic  derivatives  at  the 
test  Mach  numbers,  the  associated  damping  rate-  were  com¬ 
puted.  These  computations  are  listed  in  Table  4  for  various 
values  of  Cn„  and  spin.  As  is  shown  for  Mach  0.57.  the 
damping  rates,  (X |  and  Xj).  were  insensitive  to  variations  in 
the  spin  rate  (p).  from  near  zero  to  resonance.  However, 
variations  in  the  side  moment  derivative,  (Cna),  from  -1  to 
-5  significantly  altered  the  computed  damping  rates.  S.nce 
the  damping  rates  were  shown  to  be  insensitive  to  spin  at 
Mach  0.59,  the  computations  for  Mach  numbers  of  0.77, 
1.06,  and  1.30  used  a  spin  rate  of  about  one-half  resonance. 
The  computed  X >  values  show  that  as  Cna  is  varied  from  -1 
to  -5,  this  damping  rate  lends  to  become  positive  (un¬ 
damped).  Also  this  undamping  trend  appears  to  get  more 
severe  as  the  Mach  number  increases.  In  fact,  at  Mach  1.3  a 
Cno  value  of  -3  causes  an  undamped  Xj.  It  should  be  noted 
that  this  value  of  -3  for  Cna  at  Mach  1.3  is  about  what 
Cnct  was  determined  to  be  from  the  6DOF  analysis  (see 
Figure  10).  Also  the  trends  in  ihe  computed  Xj  values  shown 
in  Table  4  agree  well  with  the  measured  linear  theory  values 
listed  in  Table  3.  It  was  therefore  concluded  that  this  side 
moment,  which  appears  to  be  symptomatic  of  WAF  con¬ 
figurations,  is  the  cause  of  the  dynamic  instability  as 
measured  at  the  supersonic  condition. 

The  stability  boundaries  can  also  be  determined  by  setting 
X2  equal  to  zero  in  equation  (22)  and  solving  for  Cno.  These 
stability  boundaries  are  shown  in  Figure  14  along  with  the 
determined  slopes  of  Cm  and  Cn  for  each  of  the  test  Mach 
numbers.  This  figure  confirms  that  subsonically  the  deter¬ 
mined  side  moments  fall  in  the  dynamically  stable  region: 
whereas,  supersonically,  the  side  moments  are  dynamically 
destabilizing.  This  figure  also  indicates  that  the  stable  region 
is  decreasing  with  Mach  number;  or.  that  very  small  values 
of  Cna  can  cause  a  dynamic  instability  at  Mach  1.3. 
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Table  4.  DYNAMIC  STABILITY  COMPUTATIONS 
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Figure  14.  Dynamic  Stability  Boundary  Conditions 


Conclusions 


The  results  of  a  free  flight  range  test  of  a  WAF  configura¬ 
tion  at  subsonic  and  transonic  Mach  numbers  indicated  that 
an  out-of-plane  side  moment  due  to  pitch  angle  was 
prevalent.  This  side  mornem  caused  a  dynamic  instability  at 
the  supersonic  Mach  numbers.  Linear  theory  accurately 
predicts  this  dynamic  instability  assuming  that  the  side  mo¬ 
ment  has  been  measured.  It  is  suspected  that  this  side  mo¬ 
ment  is  symptomatic  of  WAF  configurations;  when  testing 
such  configurations,  the  test  engineer  should  ensure  that  this 
side  moment  is  obtained  and  the  stability  boundaries  are 
computed.  Designers  of  such  configurations  should  also  con¬ 
sider  the  possibility  of  this  side  moment  because  it  can  have 
a  dramatic  effect  on  trajectory  computations  based  on  the 
conventional  aerodvnamic  coefficients  and  derivatives. 


References 


].  Dahlke.  C.W  and  Flowers,  L.D.  “The  Aerodynamic 
Characienstics  of  Wraparound  Fins,  Including  Fold 
Angle  at  Mach  Numbers  f  rom  0.5  to  1.3. US.  Army 
Missile  Command,  Redstone  Arsenal,  Alabama, 
TR-RD-75-19,  20  December,  1974. 

2.  Humphrey,  James  A.  and  Dahlke,  Calvin  W.  “A  Sum¬ 
mary  of  Aerodynamic  Characteristics  For  Wraparound 
Fins  trom  Mach  0.3  to  3.0,"  U.S.  Army  Missile 
Research  and  Development  Command,  Redstone 
Arsenal.  Alabama,  TR-TD-77-5,  March,  1977. 

3.  Pope,  R.L.  and  Dudley.  F.  E.  “Flight  Tests  of  the  MK 
IV  Wraparound  Fin  Configuration,  “Weapons  Systems 
research  Laboratory,  Defense  Research  Center, 
■•.Jisburs,  South  Australia,  WSRL-0252  TR,  January, 

!  982. 

4.  Dahlke,  C.W.  and  Craft,  J.C.  “The  Effect  of 
Wraparound  Fins  on  Aerodynamic  Stability  and  Rolling 
Moment  Variations,"  L'.S.  Army  Missile  Command, 
Redstone  Arsenal,  Alabama.  TR-RD-17,  July,  1973. 

5.  Hardy,  Samuel  R.  “Nonlinear  Analysis  of  the  Rolling 
Motion  of  a  Wraparound  Fin  Missile  at  Angies  of  At¬ 
tack  from  0  to  90  Degrees  in  Incompressible  Flow,” 
Naval  Surface  Weapons  Center,  Dahlgren,  Virginia, 
NSWCDL-TR-3727.  September,  1977. 

6.  Cohen,  C.J..  Clare,  T.A.,  and  Steens,  F.L.  “Analysis 
of  the  Nonlinear  Rolling  Motion  of  Finned  Missile," 
AIAA  paper  No.  72-980,  Palo  Alto,  CA,  1972. 

7.  Winchcnbach,  G.,  Galanos.  D.,  Kleist,  J.,  and  Lucas, 
B.,  “Description  and  capabilities  of  the  Aeroballisnc 
Research  Facility,”  AFATL-TR-78-41,  February  1978. 

8.  Whyte,  R.H.,  Winchcnbach,  G.,  and  Hathaway,  W.H., 
“Subsonic  Free  Flight  Data  for  a  Complex  Asymmetric 
Missile,”  Journal  of  Guidance  and  Control,  Vol.  4, 
Number  1,  January-February  1981,  pg  59-65. 

9.  Murphy,  C.H.,  "Data  Reduction  for  the  Free  Flight 
Spark  Ranges,”  BRL-Report  900,  February  1954. 

10.  Murphy,  C.H.,  “Free  Flight  Motion  of  Symmetric 
Missile,”  BRL-Report  1216,  July  1963. 

11.  Winchcnbach,  G.L.,  Uselton,  R.L.,  Hathaway,  W.H., 
and  Chelekis,  R.M.,  “Free  Flight  and  Wind  Tunnel 
Data  for  a  Generic  Fighter  Configuration,"  Journal  of 
Aircraft,  Vol.  21,  Number  1,  January  1984.  pp  5-13. 

12.  Nicolaides,  J.D.,  “Free  Flight  Dynamics,”  University 
of  Notre  Dame,  1968. 


